Biodegradable microparticles (MP) represent a promising and efficient delivery system for parenteral vaccination. Recently, MP have also been explored as tool for the ex vivo antigen loading of professional antigen-presenting cells such as dendritic cells (DC) to be used as cellular vaccines. The purpose of this study was to investigate various polycationic coatings on poly(lactide-co-glycolide) (PLGA) MP, with regard to their effect on phenotypic and functional maturation of monocyte-derived DC (MoDC) that had previously been loaded with the MP in vitro. The preparation and concomitant coating of the PLGA was performed by means of a solvent extraction/ evaporation method using a recently developed microextrusion-based technique. The polyelectrolytes tested for MP coating encompassed aminodextran, chitosan, poly(ethylene imine) (PEI), poly(L-lysine) and protamine. Uncoated and differently coated PLGA MP were fed to immature MoDC, which ingested efficiently the different MP types irrespective of their surface coating. The MPloaded immature MoDC were then matured with the help of a cytokine/PGE-2 maturation cocktail. Here, the presence of the ingested MP did not affect the MoDC maturation in terms of expression of the surface markers CD80, CD83, CD86, HLA-DR and MMR, irrespective of the MP surface coating. Importantly, none of the PLGA MP types alone induced significant maturation of MoDC in the absence of the maturation cocktail. MP-loaded and subsequently matured MoDC expressed high levels of the chemokine receptor CCR7, whose functional activity was evidenced by the migration of MoDC towards CCL21, irrespective of the presence of ingested MP. Further, MP-loaded and subsequently matured MoDC also secreted comparable amounts of IL-10 and IL-12p70, irrespective of the presence of ingested MP except for PEI-coated PLGA MP, which enhanced significantly the secretion of IL-12p70 in mature MoDC. In conclusion, phenotypic and functional maturation of MoDC by means of a maturation cocktail remained unchanged irrespective of the presence of previously ingested differently coated PLGA MP. This offers interesting perspectives for using these particulate systems together with entrapped antigens for ex vivo loading of MoDC in view of cellular immunotherapy.
Introduction
Biodegradable microparticles (MP) made of poly(lactide-co-glycolide) (PLGA) have been frequently proposed as drug and antigen delivery systems [1] [2] [3] . For this use, the particles possess very attractive features that encompass, amongst others, the controlled release of microencapsulated compounds and their rapid and efficient phagocytosis by professional antigen-presenting cells (APC), such as macrophages [4] and dendritic cells (DC), both in vitro [5, 6] and in vivo [7] . The uptake of PLGA MP by APC is certainly one of the important elements of the immunological adjuvancy of this particle type. Another element is probably the traveling of phagocytosed particles inside APC from the site of injection to draining lymph nodes, the principal sites of antigen presentation [8] .
The potential of PLGA MP for antigen delivery has been highlighted by several in vivo studies showing high antibody titers after single administration of antigen loaded MP [9, 10] . In addition, PLGA MP have also been shown to induce cellular responses, such as CTL activity [11] [12] [13] [14] . Finally, PLGA MP have been recognized to serve as intracellular antigen reservoirs in APC after particle uptake so that encapsulated and intracellularly released antigens can be presented by the APC to specific T cells over extended periods of time, e.g., for up to 9 days [15] .
Taken together, PLGA MP are nowadays well recognized as potent immuno-adjuvants [16] . The known modes of action encompass (i) phagocytosis by APC, (ii) subsequent migration to the lymph nodes, (iii) intracellular antigen release, and (iv) enhanced antigen presentation inducing both humoral and cellular immune responses.
A certain drawback of PLGA MP is their lack of suitable functional groups for efficient covalent bioconjugation of bioactive ligands or the adsorption of negatively charged therapeutics such as DNA. To overcome this limitation, we recently proposed a novel technology for a one-step preparation of chitosan-coated PLGA MP and their functionalization with ligands [17] . Two features of such chitosan-coated PLGA MP for antigen delivery appear to be of particular interest. Firstly, chitosan coatings exhibit an important fraction of primary amino groups to the environment; these amino groups are freely accessible for a variety of mild coupling reactions for bioactive ligands. The decoration of MP with specific ligands for APC targeting may be used to elicit more specific or enhanced immune responses, e.g., through activation of immature DC [18] . Secondly, the positive charge of chitosan coating likely promotes the ionic binding of nucleic acids, either for gene vaccination purposes, e.g., plasmid DNA or mRNA [19, 20] , or to deliver an immunoadjuvant, e.g., single-stranded RNA [21] or the doublestranded poly(I:C).
DC play a key role in inducing acquired and innate immunity [22] . Their physiologic role in capturing antigens, whole microbes, viruses, or apoptotic bodies finds extension in their capacity to ingest synthetic microparticulate matter, such as PLGA MP [23, 24] . Therefore, biodegradable antigen-loaded MP represent a valuable system for the delivery of antigen to APC. Recently, Waeckerle-Men and Groettrup [25] reported on the ex vivo loading of autologous DC with antigen-containing MP in view of designing cellular vaccines for tumor immunotherapy. Importantly, the loading of immature DC with antigenfree PLGA MP exerted no negative effect on the pivotal properties of the DC, as assessed in vitro [26] ; indeed MPloaded immature DC preserved their capacity to mature upon appropriate stimulation, as assessed by the upregulation of the cell surface markers CD80, CD83, and CD86. Furthermore, the MP-loaded DC also maintained the functional property to secrete immunostimulatory cytokines such as IL-12 and TNF-a, which promote T h1 and CTL responses [22, 26, 27] .
The use of polymeric antigen delivery systems requires the consideration of potential immunomodulating activities of synthetic polymers [28] . Both synthetic [27, 29] and natural [30, 31] polymers as well as their corresponding monomers [32] may exhibit significant immunomodulating activity, although little is known about the underlying mechanisms. Suggested mechanisms include the interaction of the polymers with distinct surface receptors, such as the binding of polysaccharides to the mannose receptor [33] , or physicochemical mechanisms, e.g., the acidification of endosomes leading to MHC class-II presentation of antigens upon polymer degradation [14] . Cationic polymers, such as chitosan, poly(ethylene imine) (PEI) and protamine, may possibly exert sufficient buffering capacity for the acidic endosomes to induce cytoplasmic antigen delivery for antigen presentation via the MHC class-I molecule [28, 34] . Thus, polymers and derived formulations may have great impact on the elicitation of an immune response. Taking into account other parameters like antigen dose and release kinetics, the complexity of antigen delivery systems becomes obvious.
In this study, we prepared and concomitantly coated PLGA MP with the cationic aminodextran, chitosan, PEI, poly(L-lysine) (PLL), and protamine, by means of a modified solvent extraction process [17] . The differently coated PLGA MP were then tested in vitro in the context of immature and matured DC to elucidate their effect on crucial cellular functions such as phagocytosis, phenotype, migration capacity, cytokine secretion, and viability. The rationale of this study was to (i) obtain PLGA MP with a polycationic and chemically reactive surface for future surface binding of nucleic acid vaccines and/or immunostimulatory molecules; (ii) increase our knowledge on the suitability of various polycationic materials for PLGA MP coating; and (iii) ascertain that the coating material does not alter crucial functional properties of DC upon PLGA particle uptake. The general absence of any immunobiological effects by the particulate carrier materials on the DC was indeed considered to be essential in view of controlling immune responses by additional immunostimulants or eventually utilizing these particles for ex vivo loading of monocyte-derived DC (MoDC) for use as cellular vaccines.
Materials and methods

Materials
PLGA (50:50) of 35 kDa with uncapped end-groups (Resomer RG503 H) was from Boehringer-Ingelheim (Ingelheim, Germany). Coumarin-6, salmine sulfate derived from salmon sperm (protamine sulfate with four arginine residues at the C-terminus), PEI solution ($50%), and PLL hydrobromide of 70-150 kDa were from Fluka/ Sigma (Buchs, Switzerland). The 40 kDa aminodextran used was from Molecular Probes (Leiden, The Netherlands). Chitosan (Seacure s CL110) was kindly offered by Pronova Biopolymer (Drammen, Norway). 
Preparation of MP
MP were made by microextrusion-based solvent extraction using a static multilamination-type micromixer, as previously described [35] , with slight modifications. PLGA was dissolved at 5% (w/w) in DCM as organic phase. Fluorescent MP were prepared by adding 0.5 mg Coumarin-6 per mg PLGA to the organic phase. MP coated with polyelectrolyte polymers were obtained by dissolving the coating polymer in the aqueous extraction fluid: PEI, PLL, and protamine sulfate were dissolved in pure water, both chitosan types and aminodextran were dissolved in 0.1 N HCl. The polyelectrolyte concentration in the extraction fluid was 0.5% (w/w) for both chitosan types, PEI and protamine sulfate, and 0.1% (w/w) for PLL and aminodextran. For ''uncoated'' PLGA MP, the solvent extraction and particle collection fluid was a 0.5% (w/w) solution of PVA. All coated PLGA MP formulations were collected in purified water. After extrusion in the micromixer, the dispersion containing the MP was transferred into a flat open bowl, gently stirred and kept in a laminar air hood for 30 min for solvent removal and hardening of the particles. The particles were collected on a 0.2 mm pore-size mixed cellulose ester membrane filter (Schleicher & Schuell, Dassel, Germany) and dried at 20 mbar and room temperature for 24 h.
Zeta potential measurement
Surface charge of the MP was determined by zeta potential measurement (Malvern Zetasizer 3000 HSA, Malvern, UK). Approx. 1 mg of MP was suspended in 10 ml of 1 mM KCl (pH ¼ 7.66). The pH value of the medium after particle dispersion was measured and found to be in the range of 7.9470.06-8.1770.06. The minor effect of the different particles on the pH of the dispersion media were neglected. Mean zeta potential values were calculated from five measurements per sample.
Generation of MoDC
Immature MoDC were generated from human peripheral blood mononuclear cells (PBMC), as previously described [36, 37] . In brief, PBMC were separated on Ficoll-Paque and resuspended at 6 Â 10 6 cells/ml in AIM V medium. The cells were seeded into tissue culture flasks (TPP, Trasadingen, Switzerland) to let them adhere on the plastic surface for 2 h at 37 1C. Nonadherent cells were removed by rinsing three times with PBS. Tightly adhering monocytes were further cultured in DC medium (AIM V medium containing 1000 U/ml of GM-CSF and 800 U/ml of [26, 38] . For MoDC maturation, immature MoDC were stimulated with a proinflammatory cytokine/PGE-2 cocktail (20 ng/ml TNF-a, 10 ng/ml IL-1b, 1000 U/ml IL-6, and 1 mg/ml PGE-2 dissolved in fresh DC medium) for additional 48 h.
Phagocytosis of MP by MoDC
Fluorescent MP (Table 1) were dispersed in DC culture medium and incubated with immature MoDC at 371C overnight in 24-well cell culture plates (Cellstar, Greiner Bio-One, Frickenhausen, Germany); the concentration of MP was 0.2 mg per 10 6 cells. The used amount of MP corresponded to a total particle surface area of 3.7 cm 2 per 10 6 cells. Phagocytosis of the particles was assessed by FACS analysis. Samples containing DC were resuspended in PBS containing 2% FCS and analyzed on a FACScan s flow cytometer (Becton Dickinson, Basel, Switzerland).
MoDC phenotype analysis by FACS analysis
The phenotype of immature and mature MoDC in absence or presence of MP was analyzed in a consecutive experiment. Firstly, the MP were incubated with immature moDC for 20 h at 37 1C, as described in Section 2.5. Control cells without MP were treated identically. Then, half of the immature MoDC that carried MP and of control cells were analyzed for phenotype, whereas the other half of the cells were further stimulated by the maturation cocktail (for details on DC maturation see Section 2.4) prior to phenotype analysis. Phenotype analysis of MoDC was made on a FACScan s flow cytometer (Becton Dickinson) after staining with the following mAbs, according to the manufacturers' protocols: FITC-labeled anti-CD83 (Immunotech, Berlin, Germany), FITC-labeled anti-CD86, PE-labeled anti-CD80, and FITC-labeled anti-HLA-DR (all from Pharmingen, Basel, Switzerland). The respective isotype controls were FITC-labeled mouse IgG1, IgG2a, and IgG2b (Pharmingen). Rat antihuman CCR7 mAb [39] was kindly provided by Dr. Reinhold Fo¨rster (University Erlangen-Nu¨rnberg, Germany). FITC-conjugated goat-antirat IgG (Jackson Immunoresearch, F. Hofmann-La Roche, Basle, Switzerland) was used as secondary antibody for anti-CCR7 staining.
MoDC migration assay
In vitro migration of MoDC was measured by a chemotaxis assay, as previously described [37] . Briefly, 600 ml of DC medium, with or without 250 ng/ml CCL21, was added to the bottom chamber of a 24-well Transwell plate with polycarbonate filters of 5 mm pore size (Corning Costar, Cambridge, MA), while 10 5 MoDC, obtained as described above, 
Cell viability and apoptosis assay
Cell viability was determined by Annexin V staining, which detects apoptotic cells; the assay was conducted according to the manufacturer's protocol (Pharmingen). Cells were labeled with Annexin V-FITC and propidium iodide (PI) to identify apoptotic cells by FACS analysis; live cells remained Annexin V-and PI-negative.
Cytokine ELISA
Cytokine secretion of immature and mature MoDC, in the absence or presence of MP, was analyzed in a consecutive experiment, as described in Section 2.6. The supernatants of immature and mature MoDC, stimulated under the indicated experimental conditions in the presence or absence of MP, were collected and analyzed for cytokine excretion using commercially available cytokine ELISA kits for IL-10 (Pharmingen) and IL-12p70 (Endogen, Woburn, MA); the assays were conducted according to the manufacturers' protocols.
Statistical analysis
Samples were evaluated using ANOVA where appropriate. If indicated, ANOVA was followed by a post-hoc assessment using the Tukey HSD method. Differences were considered significant when p-values were equal or less than 0.05.
Results
Zeta potential of the MP
The zeta potential differed significantly between uncoated and differently coated PLGA MP (Fig. 1) .
Uncoated PLGA MP, prepared either in pure water or in 0.5% aqueous PVA as solvent extraction and MP collection fluids, served as reference particles. The zeta potential of the PLGA MP prepared in pure water was approx. À70 mV. The use of 0.5% PVA as extraction/ collection fluid shifted the zeta potential of the PLGA MP to À10 mV. Aminodextran-coated PLGA MP exhibited a zeta potential of approx. À40 mV. Conversely, the zeta potential was strongly positive when the PLGA MP were coated with protamine, PLL, and PEI (+44 to +48 mV), or slightly positive (+8 to +12 mV) when chitosan was used for coating.
Phagocytosis of PLGA MP by MoDC and cell viability
All fluorescently labeled MP formulations were efficiently taken up by immature MoDC. Generally, uptake efficiency was in the range of 50-60% and did not differ with the coating polymer. This data agree well with previous one on the uptake of uncoated PLGA MP [25, 26] .
The viability of MoDC ranged from 67% to 73% and was not adversely affected by the phagocytosis of the different uncoated and coated particle types. This data also agree well with previous one of uncoated PLGA MP [26] .
Effect of MP uptake on MoDC phenotype and maturation
The DC surface markers CD80, CD83, CD86, and HLA-DR represent important surface molecules for antigen presentation and T-cell activation [22] . By means of FACS analysis, we addressed the question whether the phagocytotic uptake of uncoated or differently coated PLGA MP by MoDC had a significant impact on the expression of the surface markers and DC maturation. Interestingly, immature MoDC exhibited similar expression levels of CD80, CD83, CD86, and HLA-DR irrespective of MP phagocytosis (Fig. 2 , first three columns). Fig. 2 illustrates the full set of data for chitosan-coated PLGA MP, which are representative for all the other PLGA MP formulations. Expression levels were low for CD80 and CD83, but high for CD86 and HLA-DR. The absence of significant differences between differently coated MP formulations is shown in Fig. 4 (black columns). Importantly, the addition of the proinflammatory cytokine/PGE-2 cocktail to the immature MoDC that had ingested MP still afforded DC maturation as evidenced by the up-regulation of CD80, CD83, CD86, and HLA-DR (Fig. 2, last three columns) . Again, the expression levels were similar irrespective of MP phagocytosis.
The transition of MoDC from their antigen-capturing to an antigen-presenting state was further confirmed by the down-regulation of the macrophage mannose receptor (MMR) upon cytokine/PGE-2-induced maturation. Immature DC (Fig. 3A) exhibited high expression levels of MMR, both before and after uptake of uncoated or chitosan-coated PLGA MP. Mature DC (Fig. 3B) showed low MMR expression, again before and after MP uptake. For testing the statistical significance of up-and downregulation of CD80, CD83, CD86, HLA-DR, and MMR on immature and matured MoDC, we pooled the FACS analysis data (n ¼ 8) of the cells incubated or not with the differently coated PLGA MP (MoDC alone, MoDC incubated with uncoated PLGA MP and with AmDex-, ultrapureChit-, Chit-, PEI-, PLL-, and protamine-coated MP); the mean percentage of cells that were positive for the different maturation markers was compared (Fig. 4A) . For each surface marker, the percentage of pooled positive cells varies very little (small error bars) for both the immature and matured MoDC indicating that the MP phagocytosis did not exert any effect on the measured phenotypical characteristics of the MoDC. Importantly, the MoDC maturation by a maturation cocktail was not hampered by the presence of previously ingested MP. The consistent behavior of the immature and matured MoDC towards the different MP formulations is further illustrated by the percentage of CD83-and CD86-positive cells that had been incubated with the different MP formulations (Fig. 4B and  C) . The data revealed no major differences for the different MP formulations. Comparable data were also obtained for CD80-, HLA-DR-and MMR-positive cells (data not shown).
Migration capacity of MoDC in vitro before and after phagocytosis of PLGA MP
A crucial attribute of DC is their capacity to migrate from peripheral tissues to the lymph nodes and elicit an immune response by priming T lymphocytes [40] . This migration is induced by chemokine receptor ligands (CCL), e.g., CCL21, which bind to chemokine receptors (CCR) expressed on mature MoDC, e.g., CCR7 [41] . By using a Transwell chemotaxis assay, we addressed the question, whether the migration of mature DC towards CCL21 is impaired by the presence of ingested PLGA MP formulations (Fig. 5) . First, the control assay revealed a significant difference between DC migration towards control medium and medium containing CCL21 (Fig. 5A) . The migration capacity of MoDC was expressed as migration ratio, i.e., the percentage of migrated MoDC carrying MP over the percentage of migrated MoDC without ingested MP, which was set to 1.0 (Fig. 5B) . The data reveal only minor differences in MoDC migration as a function of the presence and type of ingested MP.
The data derived from the migration assay also agrees with the surface expression of CCR7 on mature DC (Fig. 6 ). The expression level was similar for the control MoDC (MoDC alone) and the DC that had phagocytosed uncoated PLGA MP (Fig. 6B) , chitosan-coated PLGA MP (Fig. 6C) , or any of the other coated MP formulations (data not shown). Incidentally, the expression of CCR7 on immature DC is not shown, because previous work has already demonstrated that CCR7 is not expressed on immature DC [37] .
Cytokine secretion of MoDC after phagocytosis of MP
Beside the expression of maturation markers, secretion of cytokines by mature MoDC is crucial for T-cell activation and efficient antigen presentation. By measuring cytokine secretion of MoDC prior to and after maturation and with or without ingested PLGA MP, we addressed the question whether the previously ingested MP exerts an influence on cytokine secretion of matured MoDC in vitro.
MoDC treated with the maturation cocktail secreted markedly increased levels of IL-10 and IL-12p70, irrespective of the presence or absence of ingested MP ( Fig. 7A and B ). Mature MoDC that had previously phagocytosed uncoated PLGA MP showed highest IL-10 secretion (Fig. 7A) , whereas the MoDC that had ingested the different coated MP formulations secreted IL-10 at similar amounts as did the control cells, which had not been incubated with MP. Interestingly, immature MoDC secreted the highest IL-10 amounts after phagocytosis of PEI-coated PLGA MP (Fig. 7A) . In addition, mature MoDC that had phagocytosed the PEI-coated PLGA MP secreted also the highest level of IL-12p70 (27 pg/ml), which was approximately two-fold above the secretion level of the control cells (DC alone) and of the MoDC that contained uncoated PLGA MP (13 and 14 pg/ml, respectively) (Fig. 7B) . All other IL-12p70 levels were in the range of the quantitation limit (8 pg/ml). Altogether, phagocytosis of the various PLGA MP formulations did not greatly influence the cytokine secretion pattern of immature and mature MoDC in vitro, except for PEI-coated PLGA MP.
Discussion
Various types of microparticulate carriers have been developed and explored for their use as systems for antigen delivery [28, 42, 43] . The benefits of biodegradable MP in vaccination and their immuno-adjuvant property have been well documented. Especially PLGA MP have been widely described [2, 20, 43] . In addition to their potential for standard immunization, e.g., through subcutaneous administration, PLGA MP have also been proposed as a promising delivery system for the ex vivo antigen loading of MoDC for use as cellular vaccine [25] . The current study aimed at clarifying the question whether polyelectrolytecoated PLGA MP may be used for these purposes. In particular, we examined the effect of polyelectrolyte coatings on PLGA MP on the phagocytotic particle uptake by MoDC, and on the phenotype and functionality of immature and mature MoDC in vitro. The tested MP types included PLGA MP left uncoated and coated with cationic aminodextran, chitosan, PEI, PLL, and protamine. Our interest to explore such cationic surface coatings was motivated by their usefulness for future chemical conjugation of bioactive ligands or physical attachment of nucleic acid therapeutics. While all the PLGA MP formulations studied exhibited comparable size distributions (d 10% -d 90% of 1-15 mm), they differed significantly in their zeta potential (Fig. 1) . Uncoated PLGA MP prepared in the absence or presence of PVA in the solvent extraction fluid possessed a highly negative (À70 mV) or slightly negative (À10 mV) zeta potential, respectively. Coating with aminodextran resulted in an intermediate negative potential (À40 mV), whereas coating with chitosan (+15 mV) or with protamine, PLL, or PEI (4+40 mV) shifted the potential to positive values.
Irrespective of the used polyelectrolyte and surface charge, all MP formulations were efficiently phagocytosed by immature MoDC. When the immature MoDC, carrying or not carrying MP, were matured with the help of a cytokine cocktail, the cell surface markers CD80, CD83, and CD86 were up-regulated, the mannose receptor was down-regulated, and cytokine secretion was increased.
These phenotypic changes reflect the transition from an antigen-capturing to an antigen-presenting state of the DC [22] . Such DC maturation is naturally induced by pathogens and pathogen-associated molecules, but can be impaired by certain drugs [44] . For this reason, we wanted to examine whether the presence of phagocytosed PLGA MP carrying various surface coatings would influence the phenotype of immature and matured DC. The presented data (Figs. 2-4 ) confirmed previous ones [20] showing that uncoated PLGA MP did not impair the phenotype and crucial functional properties of MoDC in vitro. In the present study, none of the differently coated PLGA MP impaired the MoDC maturation induced by a cytokine/ PGE-2 cocktail; CD80, CD83, CD86, and HLA-DR were up-regulated, and the MMR down-regulated to a comparable extent, irrespective of the presence and type of previously ingested MP. The data emphasize that none of the tested PLGA MP formulations impaired the cytokine/ PGE-2-induced maturation of DC [22] . The excellent compatibility between PLGA MP and MoDC was further supported by a chemotaxis assay, showing that MPcarrying matured DC migrated as efficiently towards CCL21 as did particle-free matured DC (Fig. 5) . Furthermore, matured DC revealed high expression levels of CCR7 irrespective of the presence and type of ingested MP (Fig. 6 ). These findings are in agreement with recent data on the preservation of phenotypic and functional properties of DC after phagocytosis of PLGA MP in vitro [26] . In the latter study, the compatibility between particles and DC was considered highly beneficial in view of using such particles to load MoDC with antigen and exploit antigenloaded DC as cellular vaccines [20] . Similar to this data on surface markers, data on cytokine secretion of matured DC that carried different PLGA MP types did not generally reveal any undesired effect of the phagocytosed PLGA MP in vitro. With the exception of PEI-coated PLGA MP, polyelectrolyte-coated PLGA MP did not affect the cytokine secretion of immature and mature MoDC in vitro (Fig. 7) . PLGA MP coated with PEI induced high levels of IL-12p70, which is commonly recognized as a marker for Th1-oriented immune responses [45, 46] . Although the potential of PEI as a tool for gene delivery has been described, only little is known about its putative capacity to stimulate systemic immune responses [47] . Further investigations are therefore needed to assess the capacity of PEI-coated PLGA MP to influence the type and extent of the immune response.
Although costimulatory markers and cytokine profiles provide a reasonable appreciation of the functional status of DC, mature DC must also be capable to stimulate lymphocytes. In a previous work on similar MP, we have demonstrated that immature MoDC, with and without ingested PLGA MP, were poor T-cell stimulators [26] . After maturation with lipopolysaccharide (LPS), the MoDC, with and without ingested PLGA MP, induced strong T-cell proliferation.
Different reports have addressed the immunobiological role of unmodified PLGA MP. In a previous in vitro study we have shown that uncoated PLGA MP, which had been prepared by spray-drying, do not induce maturation of MoDC in vitro [26] . Thus, the main immunobiological function of PLGA MP is indeed the passive targeting of entrapped antigens into APC [48] . The lack of DC maturation upon PLGA MP exposure was recently confirmed by Wischke et al. [49] , who used both anionic and cationic PLGA MP coated with CTAB, chitosan, or DEAE-dextran. Other studies reported on a slight MoDC stimulation upon exposure to PLGA MP, which was more pronounced when bacterial DNA was admixed to the particles [24] . A rather intriguing result has been presented by Yoshida and Babensee [27] , who recently reported on an enhanced maturation of MoDC upon contact with either PLGA MP or PLGA films. This maturation was demonstrated by an increased expression of CD40, CD80, and CD86. The latter data have been further supported by a study by Babensee and Paranjpe [50] , who observed maturation of MoDC after incubation with PLGA or chitosan films.
These contradictory results may be due to various variables. Firstly, the experimental protocols used in the past studies varied markedly regarding the specific polymer types and quality, the MP size, the source and preparation of MoDC. In the present and our previous study, the Table 1 ). Supernatants of 1 Â 10 6 of immature MoDC (black columns) or mature MoDC (gray columns) were collected and analyzed for the cytokines IL-10 (panel A) and IL-12 (panel B) using ELISA. Quantitation limits were 8 pg/ml for IL-12 and 5 pg/ml for IL-10. The data represent the means of two (panel A) or four (panel B) independent experiments7SD. For IL-12, statistical differences were proven by ANOVA followed by a Tukey HSD posthoc test (*po0.05 and **po0.01).
MoDC were prepared from freshly collected human blood under fully aseptic and serum-free conditions, as currently used in clinical environments [26] . In at least some of the studies by other authors, such precautions were not taken for preparing the MoDC; for example, Jilek et al. [24] used heat-inactivated human serum for MoDC generation. We believe that the lack of DC maturation upon MP incubation is scientifically a much stronger argument than the observation of maturation. Clearly, PLGA MP do not possess any known pathogen-associated molecular patterns (PAMP) that could possibly stimulate maturation (see below). Therefore, DC maturation upon MP incubation is unlikely, unless the working conditions are not fully aseptic. Maturation of DC upon particle incubation might indeed reflect some extent of contamination of the MP themselves or of the cells during preparation.
Under physiological conditions, maturation of DC is induced by pathogens and related molecules like LPS or bacterial DNA [22] . Accordingly, the incorporation of agents mimicking PAMP into biodegradable particulate antigen delivery systems was suggested to enhance the resulting immune response [51] . In this context, we recently proposed the concept of composite PLGA MP coated with cationic polymers such as chitosan [17] . Here, the PLGA core can act as an antigen release-controlling matrix, whereas the cationic polymeric coating is a suitable substrate for an adsorptive or covalent attachment of PAMP-related substances. Such immunostimulating agents encompass, e.g., bacterial DNA containing CpG motifs [52] , double-stranded RNA, its analogue poly(inosinecytidylic acid) (Poly I:C) [53] , or specific antibodies [18, 54] or peptides. Besides the adsorption of PAMPrelated agents, MP exposing cationic coatings may also offer a template for the complexation of DNA or RNA vaccines. Such polyplexation may physically stabilize nucleic acid therapeutics and preserve them against degradation, especially caused by enzymatic cleavage.
Future studies will focus on the design of MP decorated with bioactive ligands, e.g. PAMP, and nucleic acid vaccines. Such novel MP may have potential for both DC-based immunotherapy and parenteral vaccination. Especially PAMP-decorated MP may pave the way to enhanced immune responses, especially cellular responses.
Conclusions
Novel PLGA MP types with different polyelectrolyte coatings and surface charge were prepared by a micromixer-based w/o/w-solvent extraction/evaporation process. Exposure of the different PLGA MP types to immature monocyte-derived dendritic cells resulted in marked particle uptake by the cells, but no alterations in their phenotype, as assessed by the expression levels of the cell surface molecules CD80, CD83, CD86, and HLA-DR. In addition, the functional cell activities of maturation upon cytokine stimulation, migration towards chemokines, and cytokine release were not altered upon phagocytosis of the different MP. These findings offer promising perspectives for using these MP for ex vivo antigen loading of professional antigen-presenting cells as cellular vaccines. In addition, these cationic MP represent an interesting template for additional MP modification, e.g., by adsorption of additional adjuvants like immunostimulatory CpG oligodeoxynucleotides.
